Type 1 diabetes is an autoimmune disease resulting in the permanent destruction of pancreatic islets. Islet transplantation to portal vein provides an approach to compensate for loss of insulin producing cells. Clinical trials demonstrated that even partial islet graft function reduces severe hypoglycemic events in patients. However, therapeutic impact is restrained due to shortage of pancreas organ donors and instant inflammation occurring in the hepatic environment of the graft. We summarize on what is known about regenerative therapy in type 1 diabetes focusing on pancreatic islet transplantation and new avenues of cell substitution. Metabolic pathways and energy production of transplanted cells are required to be balanced and protection from inflammation in their intravascular bed is desired. Mesenchymal stem cells (MSCs) have anti-inflammatory features, and so they are interesting as a therapy for type 1 diabetes. Recently, they were reported to reduce hyperglycemia in diabetic rodents, and they were even discussed as being turned into endodermal or pancreatic progenitor cells. MSCs are recognized to meet the demand of an individual therapy not raising the concerns of embryonic or induced pluripotent stem cells for therapy.
Clinical Results of Pancreatic Islet Transplantation
Since the introduction of the ground-breaking Edmonton protocol in 1999 [1] , pancreatic islet transplantation has become more common treatment for individuals with type 1 diabetes mellitus (T1DM) suffering from recurrent severe hypoglycemia or glycemic lability. Islet transplantation has been associated with limited success during the earlier years, but the clinical results have improved greatly after the Edmonton report [2] . The following section summarizes clinical findings of islet transplantation with focus on metabolic outcomes and diabetic complications in T1DM patients.
Metabolic Outcomes: Glycemic Control and Hypoglycemia.
Adult patients included in the islet transplantation process usually have T1DM for more than 5 years, have no preserved endogenous insulin production with negative stimulated Cpeptide levels (<0.3 ng/mL), and are prone to severe hypoglycemic episodes or exhibit glycemic instability despite adequate insulin therapy [3] . Hypoglycemia unawareness results often from intensified insulin treatment and is considered the major eligibility criterion for islet transplantation in T1DM patients [4] . In the original Edmonton protocol, seven T1DM patients who received a sufficient islet mass from 2 to 3 donor pancreases became insulin independent with normalized glycosylated hemoglobin (HbA 1c ) levels following a median follow-up of one year. All patients were under corticosteroidfree immunosuppressive regimen consisting of sirolimus, low dose tacrolimus, and daclizumab [1] . After this initial report, follow-up studies in 12 and 17 transplanted patients continued to show positive results including significant decreases in fasting and postprandial glucose levels, normalized HbA 1c 2 Stem Cells International levels, and improved fasting and postmeal C-peptide secretion as well as increased acute insulin responses to arginine and intravenous glucose tolerance test [5, 6] . A subsequent international trial at nine centers confirmed the reproducibility of the Edmonton results in 21 of 36 patients (58%) who attained posttransplant insulin independence [7] . Other centers that initialized islet transplantation program and adapted the protocol demonstrated comparable outcomes [8, 9] . However, most islet transplant patients returned to insulin injections after a five-year follow-up in Edmonton center. Only ∼10% of 65 patients maintained insulin independence, although ∼80% remained C-peptide positive. The HbA 1c level was nevertheless well controlled in those with partial graft function but increased in those without functioning graft (Cpeptide negative). By contrast, hypoglycemic events which were quantified by hypoglycemic scores (HYPO scores) [10] remained significantly improved during the 4-year posttransplant [11] , suggesting that even a partial graft function can prevent hypoglycemia and stabilize glycemic control.
Several studies have attempted to refine the Edmonton protocol for achieving and maintaining sustained longterm insulin independence, enhancing islet engraftment, and particularly reducing requirement for multiple islet donors. In 2005, Hering et al. demonstrated restoration of insulin independence following transplantation of islet derived from only a single donor in all eight patients who underwent new immunosuppressive treatment including Tcell depleting antibody (TCDAb) antithymocyte globulin, tumor necrosis factor-alpha inhibitor (TNF-alpha-i) etanercept, and mycophenolate mofetil [12] . A few years later, the same group published a slightly modified protocol using a different maintenance immunosuppression (cyclosporine and everolimus) while retaining the induction therapy (antithymocyte globulin and etanercept) and demonstrated a prolonged insulin independence for a mean of 3.4 years following transplant in four recipients [13] . A more recent study by the same authors reported promising five-year insulin independence rates in patients (50%) receiving induction drugs either with anti-CD3 monoclonal antibody or with the combination of TCDAb and TNF-alpha-i, regardless of maintenance immunosuppression [14] . Similarly, other studies have also applied various immunosuppressive regimens [15] [16] [17] [18] and used human islet culture for maximizing islet yield at isolation, ensuring its quality of preparation, and decreasing immunogenicity of allograft tissue [15, 16] . The University of Illinois at Chicago demonstrated recently 60% insulin independence rates in a five-year follow-up trial using immunosuppressive agents etanercept and exenatide without TCDAb. Exenatide, a glucagon-like peptide-1 analog, has the potential to maintain islet survival [18] . Together, all attempts aimed to improve immunologic factors such as alloimmune rejection, autoimmune recurrence, and immunosuppressive drug toxicity as well as nonimmunologic factors including exhaustion of marginal -cell mass [14, 18] , all of which have been proposed to cause waning of insulin independence over time. Interestingly, HbA 1c was retained within an optimal range (<7.2%) for a 5-year follow-up period in 10 islet recipients irrespective of achieving insulin independence [19] .
The most comprehensive results of islet transplantation activity in the last decade were provided by the Collaborative Islet Transplant Registry (CITR). The CITR has collected islet transplant data since 1999 from multiple centers including USA, Canada, Europe, and Australia. At a 3-year interval posttransplant analysis of 677 islet-alone or islet-after-kidney recipients, insulin independence was reported to increase significantly from 27% during the period 1999-2002 to 37% and 44%, respectively, for the years 2003-2006 and 2007-2010 . Fasting C-peptide levels decreased less steeply over time, indicating a durability improvement of graft function in the later years. The percentage of patients with HbA 1c levels less than 6.5% or a drop by 2% increased accordingly. Additionally, severe hypoglycemic events, defined if patients require outside assistance, were almost abolished (>90% of patients) during the 5-year follow-up of each interval. Overall, metabolic outcomes in patients receiving islet transplantation in 2007-2010 were improved compared with those in 1999-2006 [20] . A number of advancements in transplantation procedure contribute to improved results, including donor selection, islet isolation, islet culture, and peritransplant management, as well as modification in immunosuppression therapy [14, 20, 21] .
Intrahepatic islet transplantation has been consistently shown to reduce [11, 16, 22] or even give full protection from hypoglycemia or severe hypoglycemic episodes [1, 5-9, 12-15, 17, 19] and restore hypoglycemia counterregulation in T1DM patients [23] [24] [25] . Severe hypoglycemic events can be prevented in islet recipients while C-peptide remained positive but may recur in those with failed grafts [16, 22] albeit less frequent than those prior to transplantation [26] . Hypoglycemia counterregulatory hormones including glucagon, epinephrine, norepinephrine, cortisol, and growth hormone are usually blunted in T1DM patients but were demonstrated to be restored in islet transplanted recipients [23] [24] [25] . Normal suppression of endogenous insulin secretion, improved counterregulatory hormone responses [23] [24] [25] , and increased endogenous glucose production, as well as decreased systemic and muscle glucose uptake [23] all contribute to improving severe hypoglycemia in islet transplanted T1DM patients. Moreover, islet transplantation can ameliorate insulin sensitivity at both liver and peripheral sites as assessed using hyperinsulinemic-euglycemic clamps in 12 T1DM patients [27] . Fear of hypoglycemia, which was quantified using hypoglycemia fear survey, was reduced substantially in T1DM patients following a single islet infusion and was further improved with subsequent infusions [28] , confirming the benefit of islet transplantation to abrogate hypoglycemia.
Secondary Diabetic Complications.
Long-term nearnormalization of blood glucose levels has been reported to significantly delay the progression of microvascular complications including retinopathy, nephropathy, and neuropathy in T1DM [29] [30] [31] . Numerous studies have demonstrated stabilized glycemic control following islet transplantation in T1DM patients [1, 5-7, 9, 11-19, 22] . Thus, it appears that islet transplantation may reduce the risk of developing secondary T1DM complications. However, contradictory results exist concerning renal function; some of those studies found elevated creatinine levels, reduced glomerular filtration rate (GFR), and increased albuminuria in islet recipient subjects [5-7, 11, 13, 15-17] , while others did not confirm deteriorated kidney function [1, 12, 18] . Moreover, one study demonstrated improvement of kidney graft survival rates, restoration of Na + /K + -ATPase activity, reduction of natriuresis, and stable urinary albumin excretion in T1DM patients with isletkidney transplants [32] . Further improvements such as stable creatinine levels and reduced renal resistance index were observed in 24 islet-kidney recipients compared to those with kidney transplant only [33] . By contrast, three other studies showed renal impairment in both islet-kidney and islet-transplant-alone patients, particularly in those with preexisting defect [34] [35] [36] . Possible explanations for these observations could be drug-related side effects of sirolimus and tacrolimus [11, 17, 35, 36] or different baseline kidney function prior to islet transplantation [36] . Notably, no evidence of worsening renal function [37, 38] but a slower decline in GFR was found in T1DM patients following islet transplantation compared to control subjects receiving medical treatment [39] , indicating less progression of diabetic nephropathy after islet transplantation.
With regard to the effects of islet transplantation on retina function, most studies generally observed a stabilization of retinopathy. In a 2-year follow-up of eight islet recipients, one patient experienced improvement from mild retinopathy to disappearance of the disease at one year and the other seven patients retained pretransplant retinopathy status throughout the follow-up period [40] . In another study, a significant increase of arterial and venous retinal blood flow velocities was found after one year in 10 islet-transplant-alone patients [41] . Further studies consistently demonstrated reduced progression of retinopathy in T1DM patients receiving islet infusion compared to those treated with intensive medical therapy [38, 39, 42] .
Islet transplantation may slow the development and progression of diabetic neuropathy. Both sensory and motor nerve conduction velocities (NCV) remained stable in a 2-year posttransplant follow-up of eight patients [40] . Similarly, no significant differences of NCV were observed in islet transplanted subjects compared to control patients receiving medical therapy after a follow-up of one [38] and six years [39] , without any changes from baseline in both groups [38, 39] . A significant improvement in NCV was noticed in 18 patients who received islet-after-kidney transplantation for a 4-year period (versus baseline), albeit not different compared to nine control subjects without islet transplantation [43] . Interestingly, a recent study demonstrated an overall amelioration of sensory parameters in 21 T1DM patients over a 5-year posttransplantation period [44] , indicating a potential benefit of islet transplantation for the prevention of neuropathy.
Islet transplantation may have positive effects to slow down macrovascular complications. Several studies have demonstrated improvements in vascular function in isletkidney recipients, including stabilized intima media thickness, decreased signs of endothelial injuring at skin biopsy, increased endothelial-dependent dilation, restored nitric oxide production, and improved atherothrombotic risk factors with elevated levels of natural anticoagulant protein [45, 46] . An overall improvement in cardiovascular parameters was subsequently reported in T1DM patients with end-stage renal disease who received kidney and functioning islet transplants compared to those without islet transplantation or functioning graft [47] . Finally, a 15-month follow-up showed near-normalization of hemostatic and cerebral abnormalities in 12 islet recipient subjects [48] .
Thus islet transplantation is principally effective in clinical studies and in different health care systems. However, there are concerns that imply finding alternative technologies as substitute for cadaveric pancreas (Box 1).
Unsolved Issues of Human Islet Transplantation

Blood Mediated Inflammation at Intravascular Injection.
Multiple transplants are required to achieve significant reduction of insulin shots because a thrombotic reaction occurs immediately when isolated islets are exposed to ABOcompatible blood [58] . The reaction is termed Instant Blood Mediated Inflammatory Reaction (IBMIR) and platelets are suggested to take an active part in it. IBMIR further comprises complement getting started and thrombus formed. Blood clots entrapping islets are believed to cause impairment of insulin production of the transplanted islets due to shutting them off from oxygen and to attracting immunocytes [59] . Platelets aggregated in blood clots are recognized to be involved in IBMIR, cellular matrix organization, and cell proliferation and angiogenesis [60] . In vivo, platelets get activated if any damage occurs in a blood vessel. They play an essential role in responding to injury that involves the process of haemostasis, thrombus formation, and vascular and connective tissue healing [70] . Platelets come in contact with damaged or disrupted endothelium of the vessel wall and change their shape as they adhere to the damaged site. Collagen is part of the basal membrane of endothelial cells exposed to platelets at sites of vascular injury. Glycoproteins GPVI and GPIIB/IIIa are collagen receptors on platelet surface. Adherence to collagen IV in particular is followed by release of granules containing ADP and TXA which amplify platelet aggregation [71, 72] . Pancreatic islets isolated with collagenase and injected into the portal vein are assumed to include a sufficient quantity of collagen residues to elicit platelet adhesion. GPVI glycoprotein is a strong mediator of platelet-collagen interaction which is associated with FcR gamma chain coreceptor in human and mouse platelets [73, 74] . Furthermore, secretion of inflammatory cytokines IL-1beta, TNF-alpha, IFN-gamma and secondary agonist, and platelet activating factor (PAF) as well as NO production by immune cells and hepatocytes was observed after islet transplantation [75] . These factors reinforce collagen-induced platelet activation and inflammation resulting in positive feedback and causing instability of the graft [76, 77] . It was observed that CD11b and GR1 positive cells were created in the transplantation, promoting inflammatory cytokines production, and cause early graft loss [78] .
Organ Quality and Standardized Mass Isolation of Islets.
The primary object of isolating human pancreatic islets is for treatment of type 1 diabetic patients by intraportal injection to restore beta-cells functions. Our group has isolated mass numbers of human and pig islets for research purposes (Figure 1 ). Attention to key factors like enzymatic digestion of pancreatic tissue containing islets, pH of solutions used in isolation, purification of islets, and temperature during isolation is essential for successful islet isolation and culture to maintain viability for mass production [79, 80] . In principle, the resected pancreas is perfused with collagenase solution consisting of collagenase NB 8 (SERVA Electrophoresis, cat. number 17456) and neutral protease via the pancreatic ducts. After filling with collagenase solution pancreas is transferred to Ricordi Chamber (digestion chamber) [79, 81, 82] on top of the 7 to 8 glass marbles under continuous perfusion with HBSS (Biochrom). The aim is to dissolve connective tissue at room temperature and thus to release the islets from exocrine. The chamber is connected with a tubing system to recirculate fresh solution and maintain dissection temperature between 32 and 37 ∘ C. Ricordi Chamber is set in vertical motion; shaking is initiated automatically and manually followed by two centrifugation steps at 80 ×g. Digestion progress is monitored by taking samples repeatedly to identify number and size of isolated islets. Furthermore, islets are purified by centrifugation with a Cobe 2991 using a continuous HBSSFicoll gradient. Purified islets fractions are finally cultured either in CMRL 1066 or in RPMI 1640, with supplement Stem Cells International 5 including antibiotic and serum at 37 ∘ C [83, 84] . Prolonged cultivation will enhance survival and functional quality of transplanted islets by reducing IBMIR [85, 86] .
In the long run, sources of pancreatic beta-cells should be investigated which are more flexible and circumvent all of the disadvantages delineated in Box 1. Recently, pluripotent embryonic stem cells have been extensively studied, but there are major ethical issues. Moreover, teratoma formation prevented clinical studies up to now. One of the more promising options is the use of multipotent adult stem cells because they can be retrieved from the same individual, they are less prone to malignant transformation compared to embryonic stem cells (ESC), and clinical trials in diabetes treatment have successfully been initiated [87, 88] .
Mesenchymal Stem Cells
Mesenchymal stem cells (MSCs) are nonhematopoietic, multipotent, self-renewing cells. First they were isolated and described from bone marrow in 1968 and described as adherent, spindle-shaped, and with the ability to differentiate into bone and cartilage [89] . They were described as stromal cells [90, 91] and later also as mesenchymal stem cells [92] . Since then it was discovered that mesenchymal stem cells can originate from a wide range of different tissues such as skeletal muscle [93] , skin and foreskin [94, 95] , adipose tissue (AD-MSC or AT-MSC or ASCs) [96] , pancreas (PMSCs) [97] , dental pulp (DPSCs) [98] , salivary gland [99] , endometrium [100] , placenta (PL-MSCs) [101] , amniotic membrane and fluid (AM-MSCs) [102] [103] [104] [105] , umbilical cord matrix/umbilical cord blood (UC-MSCs/UCB-MSCs) [106, 107] , and Wharton's jelly (WT-MSCs) [108] .
First it was thought that MSCs could only differentiate into somatic cells of the same germ layer, but they have shown a much higher level of plasticity and are able to differentiate in vitro across germinal boundaries. To date, MSCs have been shown to differentiate in vitro into adipocytes, chondrocytes, osteoblasts, myoblasts, tenocytes, cardiomyocytes, marrow stromal cells, hepatocytes, endothelial cells, hematopoietic cells, neuronal cells, renal cells, and pancreatic cells [49, 96, [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] .
According to the International Society for Cellular Therapy (ISCT), the standard criteria for all human MSC are threefold: plastic adherence under standard culture conditions; a positive phenotype (≥95%) for CD105, CD73, and CD90; and a negative phenotype (≤2%) for CD45, CD34, CD14, or CD11b; CD79alpha or CD19; HLA-DR; they must be able to differentiate to adipocytes, chondroblasts, and osteoblasts under standard in vitro culture conditions, demonstrated by in vitro staining. As MSCs have to be isolated from surrounding tissue and infiltrating cell types, like immune cells, blood cells, and endothelial cells, negative phenotype antigens were selected to exclude these other cell types. To determine the state of stimulation of MSCs, the surface marker HLA-DR is chosen. Unstimulated, HLA-DR is not expressed but, after stimulation, for example, with IFNgamma, HLA-DR is expressed on the cell surface [121, 122] .
Bone Marrow Mesenchymal Stem Cells (BM-MSCs) and Adipose Tissue Derived Mesenchymal Stem Cells (AT-MSCs, ASCs, and AD-MSCs)
BM-MSCs and AD-MSCs are very similar in their expression pattern of surface markers; both express the marker which identifies them as MSC according to the ISCT guidelines as described before. Accordingly, both cell types are positive for CD105, CD73, and CD90 [121] . Several research groups published new markers for MSC and propose that these should be added to the list of suitable markers to describe them, like STRO-1 [123, 124] , STRO-3 [125] , CD56, CD271, mesenchymal stem cell antigen-1 (MSCA-1) [126, 127] , and CD166 (ALCAM) [109] . Additionally, BM-MSCs and ADMSCs both show expression of CD177 (stem cell factor receptor) [128] , CD29 (beta-1 integrin), CD44 (hyaluronate receptor), CD49e (alpha-5 integrin, important for cell adhesion to fibronectin), CD146 [109] , CD9, CD10, CD13, and CD59 [129] .
Although the patterns of surface markers expressed from AD-MSCs and BM-MSCs are very similar, there are some differences: BM-MSCs are positive for CD106 (VCAM-1), which lacks in AD-MSCs, and they are negative for CD49d (VLA-4), which is strongly expressed in AD-MSCs [130, 131] . Interestingly, CD106 is the receptor for the related agonist CD49d and these molecules are involved in hematopoietic stem and progenitor cell homing to and mobilization from the bone marrow [132, 133] . Both express CD54 (ICAM-1), but AD-MSCs are in higher levels compared to BMMSCs [130] . AD-MSCs can be retrieved in a much higher number and under chirurgical easier conditions with lesser pain for the patient or donor than BM-MSCs [134] and they tend to be genetically more stable in long-term culture [135, 136] . AD-MSCs and BM-MSCs express Nestin and the pancreatic transcription factors ISL-1 and Pax6, which indicates that the use of these for endodermal differentiation may be advantageous, compared to other MSCs [49] [50] [51] 69] .
Immunomodulatory/Immunosuppressive
Effects of MSCs
MSCs as "Helper" Cells in Transplantation.
Transfusion of MSCs in streptozotocin-induced diabetes in mice reduces hyperglycemia and enhances beta-cell function and survival. However, it is not clear whether this is caused by the MSCs themselves or through the release of trophic factors [137, 138] . Cotransplantation of MSCs with pancreatic islets in mice leads to improved islet function and survival. Borg et al. observed improved glucose homeostasis and reduced islet apoptosis after cotransplantation of islets with MSC at three different locations: kidney capsule, liver, and eye. According to the authors, MSCs did not increase beta-cell proliferation and MSC differentiation into pancreatic beta-cells could not be detected [139] .
MSCs from various tissues show immunomodulatory and/or immunosuppressive properties. Transplanted or cotransplanted MSCs decrease proliferation and activation 
Endocrine Pancreas Cell Lineage
Pancreatic development is a highly regulated and complex process, which is guided by multiple signaling pathways and transcription factor cascades ( Figure 2 ). First epiblast cells ingress in the primitive streak to form the mesendoderm, characterized by the transcription factors Mixl1 and Brachyury, and then the definitive endoderm [144, 145] . Definitive endoderm cells expressing transcription factors such as Cxcr4, FoxA2, and Sox17 form the gastrointestinal organs, such as liver, lungs, thymus, respiratory and digestive tract, and pancreas [146] [147] [148] . They are, however, not committed towards a specific cell or tissue lineage in the initial differentiation. Thus, an important specification step occurs when the definitive endoderm cells form the posterior gut endoderm, which develops subsequently into the intestines [147, 149] . At the foregut-midgut junction, the expression factor Pdx1 is expressed. Pdx1-positive cells were shown to contribute to the formation of exocrine and endocrine compartments of the pancreas [150, 151] . Posterior and anterior foregut endoderm develop into the ventral and dorsal pancreatic buds. In this phase, the interaction with the mesoderm-driven neighboring tissues, cardiac mesenchyme at the ventral bud and notochord at the dorsal bud, regulates pancreas organogenesis and the subsequent specification steps [152] . Involved morphogens are activin A and fibroblast growth factor (FGF) from the notochord and fibroblast growth factor and bone morphogenic proteins from the cardiac mesoderm [148, 151, 153, 154] . After this, the pancreatic buds are formed from multipotent progenitors that contribute to all pancreatic cell types. These epithelial buds invade the surrounding mesenchyme by successive waves of branching morphogenesis called the primary and secondary transition. The period of active pancreatic progenitor proliferation, followed by expansion of the epithelial network, is identified as primary transition. The first endocrine cells are detected at this stage [155, 156] . In the secondary transition, the morphogenetic transformation of pancreatic epithelium occurs. The specification of the multipotent progenitors towards the differentiated lineages occurs in this period. Particularly, the endocrine cell specification and differentiation occur via the inhibition of Notch signaling, which leads to the expression of Ngn3 [157, 158] . This triggers the expression of a multitude of expression factors, including Nkx2.2, NeuroD, Nkx6.1, Pax4, Pax6, and Isl1, controlling endocrine cell differentiation [151, 159] . Afterwards those endocrine cells begin pancreatic islet morphogenesis through aggregation into small cell clusters [160] . The final maturation of the Langerhans islets takes place after birth [161] .
Two crucial postnatal maturation events need to occur for fully functional beta-cells: (1) glucose sensing is enhanced and the amount of insulin-containing dense core secretory granules increases. (2) Beta-cell mass appropriate to the individual body weight is established. Several genes encoding important factors are involved in this process of postnatal beta-cell maturation: insulin and preproinsulin; glucose transporter (Glut2) and glucokinase (GK); Pdx1, MafA, and NeuroD (important transcription factors for development and function of mature beta-cells) [151, [162] [163] [164] . How the postnatal maturation occurs in detail is still largely unknown [165] .
Differentiation of MSCs via Chemical Compounds
Most (Table 1) . Following the procedure, MSCs expressed nestin, SCF, Thy1 (CD90), Pax6, and Isl1. While Isl1, Pdx1 (=Ipf1), and Ngn3 were upregulated, the expression level of Pax6 remained unchanged. Besides insulin, specific for beta-cells, expression of glucagon (alpha-cell) and somatostatin (delta-cell) was reported [49] . Dave et al. adjusted the differentiation process developed by Timper et al. onto a serum-free condition using 20% human albumin instead (Figure 3) . The cultured cells were described as positive for Pax6, Isl1, and Pdx1 and they were insulin and C-peptide positive upon glucose stimulation (Table 2 ). They also proposed that stepwise and long-term culture conditions over several weeks would not be necessary [52] . This would be contradictory to the findings of other groups, as described below.
The second major approach is adapted from protocols for beta-cell differentiation from embryonic stem cells (ESCs), trying to mimic the steps in human pancreas development via a stepwise differentiation. Therefore, the added chemicals are changed every two to three days, accompanied by measuring the expression of typical markers of the expected stage, like definitive endoderm or pancreatic progenitor cells (Figure 3) .
Li et al. found an upregulation of Brachyury, Mixl1 (mesendoderm-related genes), FoxA2, Sox17 (DE-related genes), Sox1, and Pax6 (ectoderm-related genes) depending on activin exposure in a dosage dependent manner. They did not find upregulation of mesoderm related genes (Figure 3) . Activation of Wnt-signaling in step 1 reduced the expression of ectodermal and favored endodermal genes. To drive DE cells towards pancreatic progenitor (PP) cells the cells were cultivated with a Wnt-signaling inhibitor, retinoic acid (RA), FGF2, and other cytokines. After 6 days, pancreatic endoderm and progenitor cell markers, like Pdx1, Sox9, Hnf6, Nkx2.2, and Nkx6.1, were upregulated and the expression of FoxA2, Sox17 (DE-related genes), and Mixl1 (mesendodermrelated gene) was downregulated. The combined approach of activating RA/FGF signals and inhibiting Wnt signals was reported to provide similar results to differentiation protocols of ESCs and iPS-cells. Is this more evidence that MSCs are a suitable substitute for ESCs? Li et al. studied the differentiation potential of AD-MSC-derived PP cells to further differentiate into downstream endocrine and exocrine pancreatic lineages. They found cooverexpression of insulin (beta-cellspecific), glucagon (alpha-cell-specific), somatostatin (deltacell-specific), pancreatic polypeptide (PP) (PP-cell-specific), ghrelin (epsilon-cell-specific), MafA, and Glut2. Not all expressed proteins were specific for beta-cells. Rather a potpourri of hormones expressed from immature endocrine islet cells was detected. Still, those immature cells responded upon glucose stimulation with insulin/C-peptide. Moreover, PP cells were shown to be driven towards an exocrine expression pattern [53] .
When BM-MSCs were cultured for several weeks up to months in the presence of high glucose concentrations, a differentiation process was promoted initially, but at a later stage low glucose and low serum conditions were beneficial to raise glucose-sensitive IPCs, characterized by Pdx1, Ngn3, Isl1, NeuroD, Pax4, and insulin. Interestingly, IPCs did not overlap with other endocrine cell types. Reduction of hyperglycemia, but unfortunately also tumor formation, was reported [166] . Mohamad Buang et al. [54] chose a two-step protocol over 21 days for AD-MSCs. They found that round cells after two weeks which started to form clusters could be positively stained with dithizone (DTZ) and contained small secretory granules, all characteristics for beta-cells. They released insulin in a glucose responsive manner. Similar to Tang et al. [166] , they utilized high glucose followed by low glucose concentrations in the culture media. One group examined human BM-MSCs and human AD-MSCs in a three-step protocol in parallel. Both cell types could differentiate into IPCs with BM-MSC-derived IPCs appearing to generate more islet-like clusters than those derived from AD-MSCs. The gene expression profile included nestin, Pdx1, Isl-1, Pax4, and Ngn3 and was similar in both cell types, also showing glucose dependent insulin release (Table 2) . MSCs from both sources seem to be useful for beta-cell replacement strategies [51] . The authors concluded that BM-MSCs are more feasible for MSC differentiation towards IPCs than AD-MSCs. However, due to the expression profiles of both experiments being nearly identical to each other, this conclusion seems rather premature and optimistic and is in need of conformation.
The advantage of a stepwise procedure is the possibility of obtaining progenitor cells first, which can be directed to pancreatic cell types in the last step. For example, recent studies postulate that Wnt-and BMP-signaling are relevant for differentiating MSCs indicating that MSCs are directed towards beta-cell differentiation like iPS cells. Therefore, in early differentiation steps, Wnt should be activated but in later stages inhibited. In stepwise differentiation protocols, the signaling pathways can be better controlled, postulating an advantage of stepwise differentiation protocols over onestep protocols [53] .
How to reproduce competent pancreatic progenitors is actually under debate. There are no consensus reagents or standard protocols available to characterize progenitor cell lines. Moreover, it is not clear if differentiation of MSCs should undergo the same stages as embryonic cells/ embryonic stem cells. Whether MSCs can fully transdifferentiate into cells of other germ layers is under discussion, because developmental biologists have restricted the definition of transdifferentiation to an irreversible switch of one cell type to another [167] . In several studies, MSCs showed a new expression pattern of formerly not expressed genes specific to the new somatic cell type; on the other hand they still express MSC specific markers, like CD90 and CD73. Given these results, transdifferentiation of MSC may need to be reevaluated.
Differentiation of MSCs via Genetic Manipulation
Experiments with transgenic mice have identified essential transcription factors that control the formation of islets during embryonic development; among these are FoxA2 (formerly named HNF3beta), PDX1 (IPF1), NGN3 (NeuroG3), NeuroD1, Nkx2.2, Pax4, Nkx6.1, and Pax6. Among these factors, FoxA2 and PDX1 play a central role in initiating the differentiation of the beta-cells. Several research groups induced differentiation in MSCs through overexpression of genes involved in the beta-cell development and beta-cell function, either by transduction with viral vectors, like lentivirus or adenovirus, or by transfection with plasmids. Some tried PDX1 gene alone and others in combination with NGN3 or NGN3 and MafA. Only few groups tried other genes like FoxA2 or HLXB9 (Table 3) .
In the studies, which induced differentiation through the selective overexpression of PDX1, several key transcription factors are increased by exogenous PDX1, like FoxA2, Nkx2.2, and NeuroD (Table 3) . However, FoxA2 is not specific for pancreas development; it also plays a role in the hepatic lineage. Lee et al. changed the medium to a high glucose containing one for up to 4 weeks, when over 60% of the cells were PDX1-positive following infection. During this time period, PDX1-induced cells began to form clusters [63] . Allahverdi et al. also transduced Pdx1 but did not change the medium to high glucose [67] . All groups reported morphological alterations after 3 to 5 days and cluster formation after 7 or 14 days [63, 65, 67] . At the same time, cell proliferation slowed down. Lee at al. and Lin et al. found FoxA2, Nkx2.2, and NeuroD at low basal expression levels in nontransduced control cells and upregulated in PDX1-overexpressing cells under high glucose conditions. Additionally, GLP-1, glucokinase (GK), and GLUT2 were expressed at low level with PDX1 induction. Mouse PDX1 overexpression induces the expression of the human homolog PDX1 (=IPF1). It was concluded that PDX1 was able to upregulate its own expression [63] . In contrast, Karnieli et al. did not find activation of the human Pdx1 gene through rat Pdx1 overexpression [69] . Transplantation of PDX1-overexpressing hAD-MSCs into diabetic rodents reduced blood glucose levels and prevented severe hyperglycemic states but did not achieve euglycemia. The transplanted cells stained positive for insulin [63, 65] .
Karnieli et al. did not find Ngn3 expression and only found NeuroD1 expression after transplantation of Pdx1
+ MSCs in STZ-induced diabetic mice. They postulated a maturation process in vivo. Allahverdi et al. measured Pdx1 and insulin and detected a higher expression of Pdx1 not earlier than day 7 and insulin not before day 14 with maximum expression of both at day 21 after transplantation. Insulin and C-peptide levels stimulated by glucose were increased in recipients of transplants [67] . As they did not compare insulin and C-peptide secretion to nondiabetic individuals, there is no conclusion whether the quantity of released insulin was biologically significant. Karnieli et al. reported that insulin release after glucose challenge was clearly subnormal [69] .
Two studies directly compared insulin release of manipulated MSCs through genetic manipulation, chemical compounds, and conditioned medium with human islets and/or cocultured human islets [68, 168] . Moriscot et al. compared different infection rates of the adenovirus, different transcription genes PDX1, FoxA2, and/or HLXB9. Transduction was combined with conditioned medium from pancreatic islets or chemical compounds. They observed different transcription factor patterns, depending on the virus titer. If the multiplicity of infection (MOI) ratio was high, insulin would be released from the cells. On the other hand, coculture or conditioned medium from pancreatic islets was additionally needed with low MOIs. Some of their protocols resulted in Pax4, Isl1, NGN3, and insulin expression, while in others only Pax4 or Pax4 and low insulin were expressed [168] .
Limbert et al. compared chemical differentiation with genetic manipulated differentiation. One very important finding was that chemical differentiation leads to clustered cells with decreasing proliferation till the cells died after two weeks in culture. Cells induced by chemicals expressed Pax4, Isl1, Pdx1, NeuroD, somatostatin, pancreatic polypeptide (PP), insulin, and Glut2 but neither Ngn3 nor glucagon. Pax6 was detected in untreated and treated MSCs as well. In contrast to chemical induction, Pdx1, Ngn3, and Pdx1-Ngn3-cooverexpression did not result in distinct islet-like clusters in the genetically treated cells. Combined overexpression showed induction of Pax4, Isl1, GLU2, insulin, glucagon, PP, Stem Cells International and somatostatin. Pax6 expression was also upregulated. Cpeptide and insulin expression remained below biologically significant levels and as the cells also expressed non-betacell hormones, a further maturation of these cells was desired [68] . Boroujeni and Aleyasin combined exogenous Pdx1 lentiviral expression with high glucose medium containing additional compounds, nicotinamide, and bFGF for 21 days. After 7-10 days of culture, Pdx1
+ MSCs changed their morphology and formed clusters. Higher expression of Pdx1, Ngn3, Glut2, and somatostatin was detected. After transplantation of these cells in diabetic mice, hyperglycemia was reverted [64] .
Recently Bahrebar et al. combined Pdx1 transfection with cultivation under high glucose condition till islet-like clusters were formed after 10 days of cultivation. Pdx1, Ngn3, Nkx2.2, and insulin gene expressions were measured in the group transduced with Pdx1 [62] . Insulin gene activation was glucose responsive and it was concluded that cultivation of Pdx1 + MSCs in high glucose was beneficial to the maturation of these cells towards a beta-cell phenotype [54] . Posttransplant maturation of in vitro differentiated MSCs was claimed [56, 65, 69] . By contrast, spontaneous in vivo maturation without prior specific cultivation protocol was denied [169] .
Jafarian et al. utilized microRNAs (miRNAs) to differentiate MSCs towards insulin-producing cells. Several miRNAs have potential roles in pancreas development, islet function, and insulin secretion. miR-375 was involved in pancreas development and control of insulin gene expression. miR-9 downregulated insulin expression and was described as a negative regulator for insulin-producing cells [170] [171] [172] [173] . MSCs were transduced with miR-375 and anti-miR-9. The morphology of the MSCs changed within 3 days from spindle-like to round cells and in the next 14 days cell clusters formed. The clusters showed gene upregulation of Sox17, FoxA2, Nkx2.2, Glut2, Pdx1, Ngn3, insulin, PP, and somatostatin (Table 3) . Cells cotransduced with miR-375 and antimiR-9 proved to be insulin glucose dependent and therefore they showed synergistic effects in MSC differentiation to insulin-producing cells [66] .
Most groups agree that reduction of hyperglycemia via transplantation of differentiated MSCs should be further investigated to elucidate the underlying mechanisms. MSCs do not strictly possess beta-cell characteristics prior to transplantation as only part of the genes important for beta-cell function are detectable. Other issues are first the number of cells that are required to significantly reduce blood glucose and second how to improve the condition of the cells at the time of transplantation to increase their in vivo viability [65] .
Prerequisites for Clinical Use of Insulin-Producing Cells Derived from Differentiated MSCs
In spite of a lot of different approaches to differentiate MSCs towards insulin-producing cells and trials toward the curing potential of IPCs in animal models, there are still some issues which are not yet addressed but are crucial for clinical application. The outstanding concerns are, for example, as follows: "Are obtained IPCs stable in in vivo conditions or is dedifferentiation an issue?" "Which of the protocols are adaptable to xeno-free, GMP-complaint standard procedures?" "Is it enough to transplant insulin-producing cells, which are only part of functional islets?" What can we learn from islet transplantation and what can be adapted from those approaches to MSCs-derived IPCs? Are the IPCs on the long term stable? What about cell viability subsequent to transplantation?
The following list delineates major prerequisites for clinical use of IPCs derived from MSCs:
(1) High purity and quality of cells in terms of bacterial, viral, and mycoplasma contamination; no animal-derived substances including safety tested compounds of animal origin.
(2) Culturing, expanding, and biobanking of MSCs under GMP conditions.
(3) Quality of in vitro generated cells: pancreatic islets as control cells, glucose responsiveness of C-peptide, and/or insulin expression close to physiological conditions.
(4) Long-term in vitro and in vivo stability of IPCs derived from MSCs.
(5) Exact dosage of MSC-derived IPCs to reverse diabetic condition and feasibility of producing such dosage in vitro.
(6) Improvement of cell survival after transplantation, engraftment, and homing of IPCs and MSCs.
(7) Exclusion of tumor risks.
It is of importance to bring the glucose responsiveness and the maturation of the IPCs to a similar level of original beta-cells. At present, glucose dependent insulin release is in most reported studies far below physiological level of betacells [68, 69, 168, 174, 175] . If insulin expression and release cannot be significantly raised, transplanted patients will be still dependent on insulin shots. Given transplantation of allogenic, gene-manipulated tissue as such an invasive procedure, the expected outcome does not justify the potential risks. The goal should not only be to ameliorate blood glucose levels and to prevent acute events of diabetic ketoacidosis but to give diabetes patients the chance of normal life [175, 176] . A very important question for the clinical use of MSCs is the risk of tumor formation. There are contradictory reports, some excluding tumors, but others measured changes in karyotype and telomere length, describing the presence of tumor markers, and some groups even reported in vivo tumor formation in mice. However, MSC culture conditions potentially leading to tumor formation were not investigated. Unfortunately, in publications observing tumor growth, GMP standards were not reported. Additionally, whether immunosuppressive properties of MSCs cause adverse effects is discussed, such as infections or graft versus host disease. A series of clinical trials using MSCs for treatment purpose is already going on [64, 166, [177] [178] [179] [180] . It seems that if MSCs Stem Cells International 13 pose a risk of tumor formation, it can be hypothesized to be a lot weaker and perhaps better controllable as in the case of ESCs and iPS cells.
In spite of immunosuppressive properties of MSCs, there is still evidence of graft rejection and impaired cell survival after transplantation which calls for further investigation and leads to the prerequisite that pretransplantation conditions have to be optimized. There is only little data available in this direction of preconditioning the MSCs before transplantation to increase in vivo viability, but further research is certainly required.
Increase of Survival of MSC for Transplantation and Clinical Application
After transplantation of MSCs, most of them diminish due to apoptosis [181] . To overcome the current limitation and improve transplantation therapy, pretreatment of MSCs with different modulatory factors is an approach to boost their predefined potential for type 1 diabetes and other disorders. When MSCs were cultivated at hypoxia or when transplanted in vivo, MSCs likewise suffered from low oxygen concentration (0.5% to 2.3%) [182] [183] [184] . This change in O 2 concentration of MSCs may contribute to DNA damage and early senescence [185] [186] [187] . However, hypoxia-inducible factor 1 (HIF-1) plays vital role in regulating different gene expression of stem cells in cellular response to hypoxia and pretreatment of MSCs with hypoxia condition can improve engraftment potential [187] . Liu et al. demonstrated increase in angiogenic factor (HIF-1, ANG, VEGF, and MMP-9) and Bcl-2 expression with hypoxic preconditioned MSC (5% O 2 ) [188] . Therefore, hypoxia can provide a protective shelter to transplanted MSCs to some extent. Apelin 13 is an endogenous ligand for G protein coupled APJ receptor [189] . Apelin has been involved in maintaining cardiovascular functions and other biological activities [190] . HIF-1 pathway provides protective effect to hypoxic treated MSCs as discussed above. However, hyperglycemia along with hypoxia preconditioned MSCs could produce reactive oxygen species and affect cell integrity [191, 192] . Apelin 13 provides the protective effect from apoptosis via MAPK/ERK1/2 and PI3K/AKT signaling pathways in bone marrow derived mesenchymal stem cells [193] . Mottaghi et al. hypothesized that pretreatment of hypoxic preconditioned mesenchymal stem cells with apelin 13 could provide protective effect against apoptosis in stem cell transplantation therapy by reducing ROS level via MAPK/ERK1/2 and PI3K/AKT signaling pathways [192] . Therefore, hypoxia-MSCs-apelin 13 combination can be considered as one strategy to rescue transplanted cells in diabetic condition.
Pretreatment with modulatory factors can ameliorate the surviving capacity and engraftment properties and have potential to resolve current limitation of MSCs in transplantation therapy. However future strategies and better understanding of unfavorable microenvironment of posttransplanted MSCs could provide a better approach.
More Efficient Insulin Release and Immunosuppression
In a healthy person, the pancreas consists of 10 9 cells and a normal insulin release of 1-15 mg per day [81, 194] . As MSCderived IPCs are far away from clinically relevant insulin concentrations, either the insulin release capacity of each cell has to rise or more IPCs have to be transplanted. Some groups estimate an amount of 10 9 IPCs to be transplanted per patient, which amounts to the total cell mass of the whole pancreas in IPCs alone [175] . However, most studies report that MSCs stop or slow proliferation in the differentiation process. Therefore it is important to work on the yield of IPCs. At present, all studies are conducted in small-scale flask cultures. An upscale towards a bioreactor-volume needs to be established, but only few groups are working on this end.
GMP
Progressing cell and tissue manipulation techniques from pure research towards clinical application, that is, cellular or gene therapies, demands an additional framework laid down by regulatory bodies like the FDA or EU called good manufacturing practice (GMP). GMP requires that a therapeutic product is of the highest possible quality and poses no risk for the recipient [195] . Working in compliance to GMP encompasses not only the process for production of the therapeutic product but the whole laboratory as well.
Since stem cell therapies are comparatively new, the corresponding regulatory requirements are still developing. Currently cell therapy requirements are classified according to the degree of manipulation involved and the expected process-related risks. While minimal manipulations, such as cryopreservation of tissues or cells, are regulated under good tissue practices (GTPs), which is already present in most clinical labs, more extensive manipulations, for example, transduction, ex vivo expansion, activation, and use for other than the tissues function, fall under the more strict GMP. MSCs are classified as advanced therapy medicinal products per European Regulation No. 1394/2007 and are further considered as somatic therapy or tissue-engineered products, depending on source, manufacturing, and indication. Therefore, production and delivery of MSCs must be carried out in accordance with European regulations [196] [197] [198] [199] [200] [201] .
The major disparity of GMP cell engineering and the established GMP in the biopharmaceutical industry is that most cell therapies are custom-made to the individual patient whereas biopharmaceutical GMP aims towards bulk production. In an ongoing process adjustment of the regulations is required. However, continuous renewal makes the classification and GMP requirements of cell therapeutic products subject to change. For example, first GMP complaint procedures for cell expansions are already established [202, 203] ; in contrast GMP procedures for differentiation are still not defined.
Translating research-based protocols into GMP complaint procedures for the production of clinical-grade MSCs requires an in-depth assessment of all critical aspects and involved risks. All phases of production must be subjected to quality control. This includes, but is not limited to, process controls, which qualify cell production technique, including functional tests, and production controls, for example, bacteriological tests, phenotypic controls, and a visual followup. Critical is the analysis that the culture protocol does not lead to cell transformation (karyotype, FISH, quantitative expression of telomerase, c-myc, etc.). Tests of viability and phenotype must be performed at the final stage but must additionally be compatible with a rapid release of the finished product [177] .
One of the most crucial aspects for the maintenance of phenotype and genotype of cultured MSCs during multiple passages is the cell culture media. Agreement on the optimal media for MSC cultivation is not reached in present. Most commonly DMEM, MEM, EMEM, -MEM, and RPMI with supplementation of FBS, human serum or plasma, and growth factors are used [49, 50, 52, 68, 202] . This leaves much room for improvement; apart from the lack of standardized protocols, the use of FBS is undesirable by GMP standards, which favor a xeno-free approach to eliminate the risk of cross-species disease transmission. Furthermore, utilizing FBS in GMP production requires additional certification of the used FBS, significantly raising the costs. First steps towards wholly synthetic culture media are already undertaken, with the aim of eliminating these concerns. Salzig et al. tested a chemical defined culture medium for expansion of MSC and established this for flask cultures up to bioreactor scale. They specify "chemical defined" as being xeno-free as well as free from components derived from or consisting of lysates, hormones, transferrin, or similar compounds, arguing that their composition or activity is susceptible to deviation. This approach is almost unique for MSCs, efforts by other groups research limiting themselves to xeno-freeonly culture media until now, which is not chemical defined in the strictest definition [204] .
Concluding Remarks
As diabetes is a disease which strikes millions of people worldwide, which goes along with lifetime necessity of insulin shots and high risk of side effects because the best glucose control is still not comparable with physiological glucose regulation, a beta-cell replacement treatment is highly desirable. The option of transplanting pancreas or isolated islets is limited because of a lack of suitable organs relative to the large amount of potential recipients, combined with severe side effects caused by lifelong immunosuppression, which has to be weighed against the necessity of insulin shots and is therefore only recommendable for a subgroup of patients with severe medical history. The option of xenotransplantation, which would resolve the lack of donors, for example, with pig islets, poses even bigger risks of other adverse effects. Despite these concerns, important knowledge comes from clinical and experimental islet transplantation and it is still one of several treatment options that are worthwhile to follow in the future.
As there are a multitude of approaches in the field of regenerative medicine, ranging from novel ways to induce beta-cell proliferation, reprogramming of other pancreatic cells or nonpancreatic cells like liver cells, the differentiation research on iPSC, fetal stem cells, or adult stem cells (among them, MSCs), it is not possible yet to anticipate which technique(s) will come out on top. Therefore, it is very important that each path is worked on among researchers in the diabetic field. In this review, MSCs are highlighted, because they have great potential and do not come with ethical issues as opposed to ESCs due to the fact that for ESCs embryos have to be destroyed. Additionally, MSCs can possibly act as supporting cells along with classical islet transplantation or ameliorate diabetes by using the MSCs in an undifferentiated status. Some clinical studies are already going on, using MSCs, because of their anti-inflammatory potential.
Preliminary results seem to show that the tumor risk is low to absent in MSCs compared to iPS cells and ESCs. In spite of the fact that research is underway for the use of MSCs in diabetes treatment, clinical application is still a long way to go as there is still a lack of standardized protocols to produce and expand MSCs, to better control the risk of malignant formation or in vivo differentiation and the release of cytokines, and finally to improve engraftment. These are the crucial issues which have to be addressed in future research to reach clinical utility and viability. Gene encoding Forkhead box protein A2 transcription factor GFR:
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